UNCLASSIFIED ¥/6 30/9

R ’%ﬁ‘i*‘i@f [ bR T




B ""M—t.c
1-1

=
11-25

- LP-'..(E

,..g_._

-—._.._.E U
n—m—mm_uu._.. .1.




Grant ArusKX ouU—-vIITr

BASIC PROCESSES
or
PLASMA PROPULSION

Herbert O. Schrade
Institut fiir Raumfahrtsysteme
Universitdt Stuttgart

L pfaffanwaldrina 31




| ACRTIXTTT (&

UNIVERSITAT STUTTGART I S
INSTITUT FUR RAUMFAHRTSYSTEME R

Direktor: Prof. Dr. Ernst Messerschmid
Ptaffenwaldring 31 - 7000 Stuttgart 80 - Tel. (07 11) 6852375

Grant AFOSR 86-0337

o i Ll e LY

BASIC PROCESSES
or
PLASMA PROPULSION

ot S Fa Biitanis bhe

Herbert 0. Schrade
Institut flir Raumfahrtsysteme
Universitdt Stuttgart
Pfaffenwaldring 31
D-7000 Stuttgart 80
Federal Republic of Germany

August 1987
, AIWAL
i Intexim Scientific Report
for period covering 1 August 1986 - 31 July 1987

Distribution is unlimited.

Prepared for the
Air Force Office of Scientific Research
Bolling AFB, DC 20332-6448
through the
European Office of Aerospace Research

1
%

and Development

223/231 Old Marylebone Road DT'C

Lond:n,lN:; 5th ELECTE

ngla

g FEB 3 9 1988
DA




v ek b R e B

G B il

i

Aloglassitied oo a4 é //7

REPORT DOCUMENTATION PAGE OMlNo omunn
ta REPORT SECURITY CLASSIFICATION b RESTRICT.VE MARKINGS
Unclassified
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT
276 DECLASSIFICATION / COWNGRADING SCHEDULE Approved for public release;
distribution is unlimited
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S)
M=OSR-|R. 88_ 0 135
62 NAME OF PERFORMING ORGANIZATION 6b. ?;F'CE’I svnbnla?L 7a. NAME OF MONITORING ORGANIZATION
i i If applicable,
Ingtltut_: fur Raunfahrtsysteme AFOSR/NA
Universitidt Stuttgart
6¢c. ADDRESS (City, State, and ZiP Code) 7b. ADDRESS (City, State, and ZIP Code)
pfaff dri 1 . . .
emwaldring 3 Building 410, Bolling AFB DC
7000 Stuttgart 80 20332-6448
West Germany
Ba NAME OF FUNDING / SPONSORING So OFFICE SYMBOL | 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (f applicable) - . o o
< , AN
AFOSR/NA IVFCIA- DG CHY)
8c_ ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
$1d4 . PROGRAM PROJECT TASK WORK UNIT
Building 410, Bolling AFB DC ELEMENT NO NO. £ NO IACCESSION NO.
20332-6448 61102F 2308 Al
11 TITLE (Include Security Classification) e T~
(U) Basic Processes of Plasma Propulsion T

12. PERSONAL AUTHOR(S) Herbert O. Schrade /’
: /

13a. TYPE OF REPORT 13b. TIME COVERED 1a. DATE OF REPORT (Year, Month, Day) |15. PAGE COUNT
_IMcientific Rep] rrom 1 Aug86 131/ JulB87] Hbept 1987 Aucy

16 SUPPLEMENTARY NOTATION J

17. COSATI CODES 18. SU#?T/TE S (Continue on reverse if necessary and identif by block number)

T CROUP SUB.GROUP Magnetopl ynamic Thruster, Electrode Phenamena,

% Flow Arc Discharge )Calculatlons, Onset. «&——

1

19. XESJRACT (Continue on reverse if necessary and identify by block number)

This report describes the research work on cathode phenamena and presents the develomment
work and the results of several model calculations by means of which the performance of
coaxial MPD thrusters can be predicted.
~tcont: on reverse) <«

, ™
S/
LN
20. OISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
B unciassirieorunumited B SAME AS RPT.  [J DTIC USERS Unclassified
228 NAM-E OF RESPONSIBLE INDIVIDUAL _ 22D. TELEPHONE (Include Area Code) | 22¢. OFFICE SYMBOL
Dr Mitat Birkan (202) 767-4937
S —————
DD Form 1473, JUN 86 Previous editions are obsolete. ECURITY IFICATION OF THIS PA
Unclassified




[
—

b

pfy Electrode effects like spot formation and spot motion can cause

high erosion on the cathode and backplate of an MPD thruster.
These effects are qualitatively and partially quantitatively
explained by means of a unique theoretical approach. In conjunc-
tion with the theoretical work, experiments on a ecial elec-
trode tést';pparétus are conducted in order to measure cathode
erosion and to determine spot formation and motién and the at-
tachment mode (spotty; diffuse thermionic) under various opera-
ting conditions.

Several numerical model calculations were developed which allow
to determine the flow arc discharge region and the performance
(thrust and specific impulse) of a nozzle type and a cylindrical
MPD thruster as a function of mass flow rate and electric cur-
rent. For the nozzle type thruster the heat flux at the nozzle
throat was calculated for various currents and compared with ex-
perimental measurements.

By means of these performance calculations the onset conditions
were calculated based on the fact that due to magnetic contrac-
tion (pinch effect) the plasma density becomes zero at the anode
(onset theory of Hiigel). The results of these calculations are
in excellent agreement with those of the experiments.
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Preface

The work described in this interim scientific report has been
partially sponsored by the Air Force Office of Scientific
Research through the European Office of Aerospace Research and
Development, London, under Grant AFOSR 86-0337. The period cov-
ered herein is from 1 August 1986 to 31 July 1987.
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1. Summary

The objectives of this work are to investigate the still unknown
effects on electrodes and to determine the acceleration mecha-
nism and the stability behavior within the flow arc discharge
region of a cylindrical and a nozzle-type MPD accelerator.

Electrode effects like spot formation and spot motion can cause
high erosion on the cathode and backplate of an MPD thruster.
These effects are qualitatively and partially quantitatively
explained by means of a unigque theoretical approach. In conjunc-
tion with the theoretical work, experiments on a special elec-
trode test apparatus are conducted in order to measure cathode
erosion and to determine spot formation and motion and the at-
tachment mode (spotty; diffuse thermionic) under various opera-

ting conaitions.

Several numerical model calculations were developed which allow
to determine the flow arc discharge region and the performance
(thrust and specific impnlse) of a nozzle type and a cylindrical
MPD thruster as a function of mass flow rate and electric cur-
rent. For the nozzle type thruster the heat flux at the nozzle
throat was calculated for various currents and compared with ex-

perimental measurements.

By means of these performance calculations the onset conditions
were calculated based on the fact that due to magnetic contrac-
tion (pinch effect) the plasma density becomes zero at the anode
(onset theory of Higel). The results of these calculations are
in excellent agreement with those of the experiments.
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2. Electrode Investigation

2.1 General Remarks

The cathode attachment of an arc is either spotty and governed
by field emission or (seemingly) diffuse and explainable by
thermionic emission. While the first, spotty mechanism occurs on
cold cathode surfaces of pulsed MPD thruster devices and during
the starting phase of continuously running devices, the thermi-
onic mode prevails when the cathode surface is extremely hot,
i.e. reaches temperatures above at least 2000° K. In order to
sustain such temperatures the cathode material must be of a
highly refractory metal like tungsten or, what works best so
far, an alloy of thoriated tungsten (2% ThO,). Since the thorium
oxide melts at about 200° K below the tungsten melting point and
any stable, spotty discharge requires a molten, even evaporating
area, one may conclude that also at so-called thermionically
emitting cathodes many microspots are present which are highly
nonstationary and evenly distributed over a larger hot surface.
This conception is also in agreement with measured erosion rates
of both attachment modes, both of which may be explained by one
and the same spot mechanism: a) the diffuse attachment area
which consists of many evenly distributed and highly nonstation-
ary microspots, each of which carries a low current of a few
tens of amperes and b) a typical spotty attachment presented by
one or several hot spots, each of which has currents up to the
tens and even hundreds of amperes. These latter bigger spots are
likely the result of clustered microspots which are somehow hin-
dered in spreading over a larger cathode area. One goal of this
investigation was to understand and to predict the motion and
behavior of these spots. It was shown' that the overall erosion
rate of a cathode does depend on the spot current and not neces-
sarily on the overall total current. It would therefore be ad-
vantageous to have many microspots, each'carrying only a small
current and all spread over a large area, than to have only one
or a few larger ones (or many clustered smaller ones which stick
together and build one or a few large spot sites) of fairly
large currents.

! 4. o. Schrade, M. Auweter-Kurtz and H. L. Kurtz, "Cathode

Erosion Studies on MPD Thrusters", 18th International Electric
Propulsion Conference, AIAA-85-2019, Alexandria, VA, 1985
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2.2 Theory

Any active arc spot may be characterized by a crater-like pit
with an inner molten layer, above which is located a high pres-
sure plasma cloud. This high pressure plasma cloud, caused by
ohmic heating and heavy evaporation of the electron emitting in-
ner surface layer, expands out into the ambient lower pressure
gas sphere and forms a plasma jet. This Jjet contains a current
carrying channel which emanates from the high pressure plasma
cloud of the crater and which electrically connects the low
pressure interelectrode plasma and hence the anode with the
cathode (see Fig. 1).

By means of a unique theory, the stability behavior of such a
current carrying channel within an axial jet has been discussed
and presented at the 19th International Electric Propulsion Con-
ference in Colorado Springs, Colorado, May 17-13, 1987 (see Ap-
pendix II, Cathode Phenomena in Plasma Thrusters). It turns out
that under certain conditions this channel becomes unstable with
respect to small deviations off its straight configuration. The
current carrying plasma channel then starts to bend more and
more and eventually touches the cathode surface at a nearby area
of the spot (see Fig. 2). This cathode surface area is heated

up, melts and eventually a new spot is created.

Three cases shall be discussed: the spot discharge I) without
an external magnetic field, II) with a magnetic field parallel
to the cathode surface and III) in which the magnetic field is
inclined with respect to the surface.

I) If no external magnetic field By is present, instability oc-
curs when the dimensionless quantity ,

8n

2
€ = IzAIpvz da, - [1+ £] (1a)
Holg z
1
"G (B - B, - 3.3 (1b)
8% Is?
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Fig.1  Scheme of a Spot Discharge with a
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decreases below zero. Herein Ig 1is the current carried by the
2
spot, f oV, dAz
A
z
is the impulse transport along the channel axis and f is a fac-
tor of about 0.8 which weakly depends on the current density
distribution over a cross sectional area (Az;) of the discharge
channel. € can also be approximated by the expression (1b) which
depends on a) the pressure difference (ps - pPw) between the
high pressure (pg) spot plasma and the ambient pressure (po)
(see Fig. 1) and which depends on b) the average magnetic pinch
pressure
Ho -
CERREE
close to the crater orifice. The factor 3.3 is taken strictly as
a slowly varying function depending on the crater shape and the
current density distribution across the channel cross section
just above the crater orifice; it can be well approximated by
3.3 (* 15%). (See Appendix I.)

In order to Kkeep the spot current down and hence the erosion
rate, one therefore should try to get a spot unstable before it
reaches a high current rate. According to our results this oc-
curs earlier when the ambient pressure p. {(see eq. {(1b) for g)
is larger than when it is smaller, which agrees with certain ex-

perimental findings (see below).

II) If a magnetic field parallel to the cathode surface is ap-
plied, one must distinguish between three discharge channel re-
actions (see Fig. 3): a) With respect to a small disturbance 3
the channel adjusts itself to one with a straight discharge
axis; this reaction is called "straight stable". b) With respect
to a small disturbance 3 the channel deviates even more from its
original straight configuration but adjusts itself to a "curved-
stable” configuration (i.e. any small deviation off this curved
state would cause the channel to adjust to this curved configu-~
ration). c¢) With respect to a small disturbance % the discharge
channel bends more and more and eventually touches the cathode
surface at a nearby area as shown before; this last channel re-
action is called "unstable".
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Depending on the amouunt of & given in egs. (la) and (1b) and on
the direction of the disturbance 3, the discharge channel reac-
tion can now vary between a) a straight stable, b) a curved
stable and ¢) an unstable one (see Fig. 4).

8xn roBo

ferit = * 0o I, (2)

For € >

where a depends on the current density distribution (see Appen~
dix II) and is expected to be smaller than about + 0.2, the dis~
charge channel reaction is straight stable.

If ¢ falls in the range 0 < € < +eqorjt the discharge channel
can be stable, curved stable or unstable depending on the direc-
tion of the disturbance vector 3. For any small disturbance in
the retrograde direction, i.e. opposite to (3 X §), the current
channel is unstable; for any small disturbance in the amperian
direction the channel will assume a curved stable configuration,
and for disturbances parallel or anti-parallel to §0 the channel
reacts in a stable fashion. The range of the azimuth angle
20crit (=fcrit < 60 < +6¢crit; where 6, determines the di-
rection of the disturbance) at which the channel still reacts in
a stable manner thereby decreases the more, the smaller € be-
comes, Simultaneously the range in which any small disturbance
leads to an unstable or curved stable channel behavior increases
with decreasing e. If € equals zero, any small disturbance to
the retrograde side leads to an unstable behavior of the dis-
charge channel, and any disturbance to the amperian side 1leads
to a curved stable reaction. If € decreases further, even below
zero, the angular range in which a disturbance leads to a curved
stable channel behavior becomes smaller and smaller and finally

ceases when ¢ reacheg the

~ ' o 3 PN . DA
........ negative critical wvalue ~gorjt. FoOr

€ < =-gorit a small disturbance in any arbitrary direction
causes an unstable channel reaction.

The consequence of this instability behavior of the discharge
channel is the fact that when ¢ decreases below ¢ecrjt the
spots should preferably jump in the retrograde direction (see
also Appendix II).
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III) If the external magnetic field is inclined with respect to
the cathode surface, this "retrograde spot motion" (discontinu-
ous jumps) occurs preferably under a certain angle with respect
to the retrograde direction (see Appendix II). This experimen-
tally observed phenomenon, known as Robson drift motion,2 like
the phenomenon of retrograde motion is therefore explainable by
one unique theoretical approach.

In a future step the behavior of the spot discharge will be con-
sidered in a magnetic field perpendicular to the surface of the
cathode.

2 A. E. Robson, "The Motion of an Arc in a Magnetic Field",
Proceedings of the Fourth International Conference on Ionization
Phenomena in Gases, Vol. IIb, p. 346, Aug. 1959
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2.3 Experiment

The goal of these electrode experiments is to investigate the
cathode attachment mechanism and to determine erosion rates
under various operating conditions like cathode material, cath-
ode temperature, applied magnetic field, ambient pressure, over-
all current etc., and finally these experiments shall guide and
prove (or deny) the validity of the theory. The experimental
test rig as shown in Fig. 5 which has been explained in the
Final Scientific Report3 served as an overall investigation on
cold and hot cathodes of different materials. The results so far
of erosion rate measurements for different materials and for
different current pulse numbers on cold cathodes are plotted in
Table 1. There is an indication that on polished surfaces the
erosion rates are slightly smaller than on unpolished ones.
After several shots of current pulses (duration 2 ms each),
however, any polished surface acquires a "sand blasted" 1look
which stems from a bombardment of arc spots leaving a field of

superimposed craters on the surface.

Therefore, as can be seen from Table 1, it is obvious that the
erosion rates measured between polished and unpolished materials
differ less, the higher the number of current pulses with the
same electrode sample. Interesting to note here 1is also the
somewhat higher erosion rate with pure tungsten than with thori-
ated tungsten electrodes,

Photomicrographs of the cathode surfaces which were exposed to
one single shot showed typical distinct craters and grooves, the
latter of which may be interpreted as an overlapping string of
craters (see Figs. 6 and 7). The main difference between both
figures is the width or size of the grooves and craters. At

higher ambient pressure (ps = 0.5 mbar; see Fig. 7) the aver-
age size of the grooves (or craters) is smaller than at lower
ambient pressure (po = 5¢10~" mbar; see Fig. 6). One also ob-

serves during the experiments that at higher pressure the arc

3 H.0. schrade, M., Auweter-Kurtz and H.L. Kurtz, "Basic Proc-
esses of Plasma Propulsion®", Final Scientific Report, AFOSR
Grant 82-0298, Jan. 1987
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: Table 4 Erosion rates for different cathode surfaces.

Number of Measured
Current Pulses Erosion Rate
Thoriated Tungsten 300 35 ug/C
3 (2% ThOj)
{not polished) 5000 41 ug/C
Thoriated Tungsten 100 29 ug/C
| (2% ThO;) 500 34 ug/C
{polished) 6000 42 pg/C
Pure Tungsten 100 44 ng/C
(not polished) 500 50 ung/C
5000 54 ug/C
Copper 200 73 ug/C
(not polished) 800 77 ug/C
Copper 100 74 ug/C
(polished) | 800 75 pg/C
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Fig. 6

Photomicrographs of the arc traces left on the surface
of a cold thoriated tungsten cathode (rectangular cur-

rent pulse 1 = 130 A, electric locad Q = 0.26 Coul,
Po = 5¢10~" mbar).
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Photomicrographs of the arc traces left on the surface
of a cold thoriated tungsten cathode (rectangular cur-

rent pulse I = 144 A, electric load Q = 0.29 Coul,
P = 0,5 mbar).
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Fig. 8 Photomicrographs of the arc traces left on the surface
of a hot thoriated tungsten cathode (T = 2000°K, rectan-

gular current pulse I = 360 A, electric load Q = 0.72
As, p, = 5+10~" mbar).
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spots spread more quickly from the original impact area close to
the anode along the cathode rod than it is observed under the
low pressure condition when the arc sticks more to the original
impact area. This spot behavior is an indication that proves the
theoretical result as discussed before, that at higher ambient
pressure (pwo) € should become more quickly negative and there-
fore the discharge channel more quickly unstable and the spots
more moveable. Nevertheless, this indication has to be checked
more caretully and cannot simply be extrapolated to pressures

above 10 and more mbar.

Experiments with hot cathodes again show spotty arc traces (see
Fig. ¥) but the craters look smoother than in the case of cold

cathodes.

Reproducible and reliable erosion rate measurements on hot cath-
odes failed so far with the old test apparatus, despite several
days of outgasing of the tank and improvements in the insulation
material. Therefore a new electrode test apparatus is being de-

signed and built.
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3. MPD Thruster Performance Calculations

In order to predict MPD arc thruster performance, several model
calculations have been developed and are explained in Appendix
II1I, "Numerical Modeling of the Flow Discharge in MPD Thrust-
ers".” This paper was presented at the 19th International Elec-
tric Propulsion Conference in May 1987. The following section
therefore contains only more recent theoretical results concer-
ning the two MPD thruster types shown in Figs. 9 and 10. Both
thrusters are also experimentally tested in our institute, al-

lowing certain comparison checks between theory and experiment.

3.1 Nozzle Type Thruster

The flow discharge model calculations are based on a combination
of a steady state, one-dimensional MPD flow and a two-dimension-
al current coutour line treatment. The plasma within the nozzle
was assumed fully, singly ionized, whereby the expansion process
of the electrons was taken isothermally and that of the ions
adiabatically. Heat losses and friction were neglected. The cal-
culations were carried out for three different jet plume condi-
tions" as shown in Figs. 1la,b,c and 12a,b,c and for the follow-

ing two electrode conditions.

One time the electric field vector £ and the other time the cur-
rent density vector i were taken perpendicularly to the elec-
trode surfaces. The results for both electrode conditions, how-
ever, differ only slightly as shown in Fig. '3a and b. Both cur-
rent contour line figures are based on the hyperbolic plume of
Fig. 11b.

The computer code for these semi-two-dimensional, steady state,
nozzle type thruster calculations were rewritten for the Cray II
computer which became available at the University of Stuttgart
about a year ago.

* H. o. Schrade, M. Auweter-Kurtz and H. L. Kurtz, "Basic

processes of Plasma Propulsion", ¥%inal Scinetific Report, AFOSR
Grant 82-0298, Jan. 1987
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The nozzle throat conditions are based on the premise that the
arc column fills the cross-sectional throat area and that only
axial components of the velocity and current density vector are
present ("fully developed arc"; see loc. cit.). Neglecting radi-
ation and friction, the energy equation reduces then to

F) =+ 1% (raq) (3)

i.e. within the nozzle throat the radial heat conduction loss is
balanced by ohmic heating. gy is the radial heat flux vector,
A the heat conduction coefficient and o the electric conducti-
vity. The first integration of eqg. (3) results in the heat flux
per unit axis length given by

2nry qr(ro) = 27 f b r dr (4)

By modeling the current density distribution across the throat
area (nruz) through a paraboloid of grade n as

.0 _ (r_\n

=3 0 - () (5)
where 3 is the current density maximum and j/o is the voltage

drop (du/dz = E,) or the electric field, one obtains, since
E, is constant over the cross sectional area of the throat and

therefore also equals to Ez = 3/3,

-~

2nrg q (ro) = nry? - : > = I'E; (6)

N

Q

Herein I is the arc¢ current and s is the maximum value of the
electrical conductivity. Since for fully ionized plasmas o can
be approximated by

o = v Te3/2

-3 A 5
where Yy = 1.55 + 10 [——————7—]
vV m K3 2

> H. O. Schrade, M. Auweter-Kurtz and H. L. Kurtz, "Stability

Problems in magneto Plasmadynamic Arc¢ Thruster", AIAA 18th Fluid
Dynamics and Plasmadynamics and Lasers Conference, AIAA-85-1633,
Cincinnati, OH, July 1985
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one obtains for the heat flux per unit length

3
_n+ 2 0.65 * 10 1
2mro g (re) = —x ~3/2 2

n
Te ro

and if one replaces the maximum electron temperature by3

N n + 4y1/5 (1 y2/5
T, = 257 ( ) ()
it is

1+% -2 (I \1/5 (W

21rg qr(ro) =( N 1)3/10 5.0 « 10 (;3) [E] (7)

n

.9
1

The results of the heat load measurements on the innermost seg-
ment of the nozzle throat (see Fig. 14) of the IRS DT2 thruster
with rg = 1.2 cm were now compared with that obtained by the
above eguation (see Fig. 14). The agreement is very good at
higher currents (~ 4000 A) and deviates by a factor of about two
at low currents (~ 1000 A). At low currents the arc channel may
not fill the entire throat such that the radially transported
heat from the arc is partially carried away along the axis by a
cold gas layer. With increasing currents, however, the arc cross
section assumes more and more that of the throat, while the cold
gas layer diminishes and the radial heat losses of the arc col-
umn agree with the measured heat 1load to the inner throat walls.

 H.o. Schrade, M. Auweter-Kurtz and H.L. Kurtz, "Basic
Processes of Plasma Propulsion”, Final Scientific Report, AFOSR
&rant 82-0298, Jan. 1987




*3e0ay3y 97zz0U 3Y3l UTY3ITA yzbual sixe 3tun aad xnyJ
jeay (eIpex paanseaw pue pajeindoyed usamiaq uostaedwo)y Pyl 614

m v ”_ yusIng
ohm O+v 0¢ 0¢ 0ol

A 1 A 1 : | . .
jpjusawisadxa o 00
) -
—~0°'0006
ﬁ¢o+uo.—
1 8
< . O
_ —¥0+3G°1 N
. I
—
n.oncm\\ ~¥0+30°¢C M
Z=u" ™~
y - o)
p=u . 3
o1eu -40+35°C
B?C\ 1
“+0+30°¢
- eprrTY T S A




P T V.

g
|

i
%
;
-
:
4

- 26 -

A reevaluation of Hligels onset explanation6 has been conducted
by means of the flow discharge calculations described above. The
radial particle density was determined by equalizing the radial
Lorentz forces with the pressure gradient, and for a given mass
flow rate m the arc current was increased until the pressure or
particle density at the innermost anode point dropped to zero.
Plots of constant particle density lines for which this "plasma
starvation" at the anode occurs are shown in Fig. 15a and b for
m= 0.0006 kg/s with a «critical current of Icrit = 3600 A and
for m = 0.0015 kg/s with a critical current of 6020 A, respec-
tively. Comparison between several of these calculations with
measured onset conditions/ show excellent agreement (see Fig.
16).

® H.Hiigel, "Zur Funktionsweise der Anoce im Eigenfeldbeschleu-
niger", DFVLR Report FB-80-20, 1980

' H. L. Kurtz, M. Auweter-Kurtz and H. O. Schrade, "Self Field
MPD Thruster Design - Experimental and Theoretical Investiga-
tions®, 18th International Electric Propulsion Conference, AIAA
85-2002, Alexandria, VA, 1985
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3.2 Cylindrical Thruster

In addition to the steady state nozzle type thruster calcula-
tions, a time dependent, fully two-dimensional, cylindrical MPD
channel flow calculation has been conducted. This numerical
treatment, which assumes rotational symmetry, friction free
flow, no azimuthal current or velocity and the electric field
perpendicular to the lengthwise limited coaxial electrodes (see
Fig. 17) has been described in Appendix III. Besides the example
already shown there, another one with a shorter current rise
time (~ 10 us instead of 200 us) and a lower mass flow rate
(m =5 g/s instead of 20 g/s) has been conducted and is presen-
ted here,

Based on the time dependent current profile as shown in Fig. 18,
the current contour lines and the pertinent plasma properties
like pressure, temperature and velocity were calculated as a
function of r and z for argon as propellant. At begin (t = 0)
the current was assumed strictly radial and homogeneously dis-
tributed across the electrode surfaces and the axial flow field
correspondingly homogeneously distributed across the cylindrical
tube cross section. The initial temperature and the Mach number
of the flow were taken T(t=0) = 10000°K and M4z(t=0) = 1.5, re-
spectively. In Fig. 17 the current contour lines are shown after
60 us; the temperature, pressure and density fields after 10 us
and after 60 ps each are plotted in Figs. 19, 20 and 21, respec-
tively. The axial velocity v,, the Mach number and the mag-
netic induction field are given in Figs. 22, 23 and 24, respec-

tively.

Interesting to note is the fact that the current contour lines
show a compression not only on the downstream side but faintly
also on the upstream side of the cathode. This effect could not
be observed in the previous example (Appendix III). The tempera-
ture and the pressure field show peaks on both ends of the cath-
ode during the current rise period. These peaks, however, flat-
ten out with time indicating more likely a certain insyfficiency
in the initial conditions and/or in the computer code than in a
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b) 60 us.

: Temperature distribution within the channel at
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Fig.

Magnetic induction distribution within the channel at

b) 60 us.
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real effect. Nevertheless, the computations so far yield reason-
able overall results as shown by the thrust versus time curves
in Fig. 25 and by the temperature and pressure versus time plots
in Figs. 26 and 27. In these last three figures the differences
in temperature and in pressure at the middle position and the
near anode position are negligible; therefore, they lie for both
positions on one curve, respectively. The localization of the
different positions is shown in Fig. 28.

The thrust as plotted in Fig. 25 is defined by

r
Th = 2n [ @ (pv_%2 + p) r dr
. z

c

It is interesting to note that after about 40 us the thrust at
the end of the channel reaches a value which is a little higher
than the sum of the gas dynamic and electromagnetic thrust.
After that it decreases slowly and will reach this value (of gas
dynamic and electromagnetic tnrust) beyond 60 us. During the
current rise period (0 - 10 us) the thrust at the channel end
does not change, and only after more than about 60 ps does the
thrust adjust to its constant steady state value.

Similarly, the temperature curve (see Fig. 26) at the end of the
channel, which is practically the same curve for all three posi-
tions 7,8,9, reaches its steady state constant value only after
more than 60 us. The temperatures at the middle positions 1,2,3
of the electrodes increase at first to about 16000°K and after
that drop slowly to about 11000° - 12000°K after again more than
60 us.

The corresponding pressure curves in Fig. 27 show the same over-
all trend as the temperature curves. The pressure at the channel
end reaches 29 mbar after about 55 ps.

The time <t which elapses after reaching overall steady state
conditions con now be estimated by the length of the active
channel portion (given by 210 mm - 60 mm = 0.15 m) divided by
the average speed of sound (for argon at about 12000°K,
a = 2+10° m/s) as
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T = = 7.5-10‘5 s = 75 us

This time is in good agreement with the adjustment times as cal-
culated for the thrust, temperature and pressure according to
the two-dimensional, time dependent MPD channel flow calcula-

tions presented.
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4. List of reports and papers prepared during research period
(1 August 1986 - 31 July 1987)

The following papers and student theses were prepared which di-
rectly relate to the research work of Grant AFOSR 86-0337.

Student Theses (Diplom)

P. Lehninger, "Designing and Building of a Test Pig in Order
to Measure Cathode Erosion Caused by an Arc Pulse". 1IRS,
Sept. 1986

A. Isselhorst, "Calculation of the Expansion Process in a
Plasma Thruster by Accounting for Electromagnetic Compres-
sion". IRS, May 1987

Papers

M. Auweter~-Kurtz, H.L. Kurtz, H.O. Schrade and P.C. Sleziona,
"Numerical Modeling of the Flow Discharge in MPD Thrusters",
19th International Electric Propulsion Conference, AIAA-87-
1091, May 1987

H. O. Schrade, M. Auweter-Kurtz and H. L, Kurtz, "Cathode
Phenomnena in Plasma Thrusters"™, 19th International Electric
Propulsion Conference, AIAA-87-1096, May 1987
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6.1 Appendix I

Calculation of the Dimensionless Quantity e

where g = 8“2 [ o VZ2 aa, - (1 + £(n)] (1.0)

mgl A 2
T
z
] |
Discharge Channel
Current |\~ ‘
Density

Axial Velocity

Control Votume

o o e aklesimroadn e o - -

Molten Layer

Cathode

) Fig. I1  lllustration of the current density lines and the
Axial Velocity withina Spot Discharge

; For the high pressure plasma and vapor region within the crater
(see dashed control volume in Fig. I.1) the equation of motion
follows by

v{ipvw + P} = § x B (I.1)
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and after integration over the control volume V and applying
Gauss' theorem, one obtains

[ {oww + B aA = [ I x B av (1.2)
A v

The surface integral on the left side can now be split into two
terms, the integral over the cross sectional area of the dis-
charge channel at the crater orifice (A; = nroz) and the sur-
face integral over the inner spherical crater surface (Ao; see
Fig. I.1). For the 2z component of eq. (I.2) one therefore

obtains
{ovv + B} @R 0. + [ {evww + B} AR 0. = [ 3T x B aved. (1.3)
A 2z, z'z z
z c

where Gz is the unit vector in the z direction. If one now de-
notes the vapor and plasma pressure of the inner crater surface
by pe and the pressure and the axial velocity at the orifice
by pz and v,, respectively, one can replace eq. (I.3) by

- [ {ev,? + p,} an_+ Aj {pc}-(ch-Jz) = vf Ix8B dv-Jz (1.4)
2 (o4

Herein the negation sign of the first integral stems from dKsz=
~dAz; one neglects friction effects and assumes that at the
inner crater surface the average randomized, thermal speed of
the particles prevails over their convective velocity. Since now

dA _eu_ = + dAz = + r drd® (I.5)

where 8 is the azimuth angle of the cylirder coordinates r,9,z,
it follows for the z component of the force balance eq. (I.3)

2 - - - > » .-)
f pv,° AR = / (p, - P,) dA, [ 3 x B av u, (1.6)

Az Az v

The pressure pe 1s now taken as constant, and by accounting
for the magnetic or pinch pressure within the cross sectional
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area Ag 8 and by denoting the ambient pressure through po,
one obtains

Ko
2 _ . _ . _ r <> > .<>
f pv," dA, = (P, -~ Pg)A, - gz ' I /3 x B aveu, (1.7)

In order to calculate the volume integral over the electromag-
netic forces in eq. (I.7), one now assumes that the current den-
sity is evenly distributed over the inner crater surface. The
shape of the crater shall be approximated by a spherical segment
which can be characterized by the angle ¢y and the radius
rp = resin¢y (see Fig. 1I.2). By introducing the Maxwell's
stress tensor TMaxwells ©One now obtains for the volume
integral

>

f3xBav = [ % ar = 7%3 [ {288 - B2 I}-ak (1.8)

v A Maxwell

where the magnetic induction vector B is given by the sum of the
self field §s and the applied field Bo

B=B_+ Bg (I.9)

For the integrand, one may write

288 - B2 7 = 288 + 280Bg + 25 Bo + 28508
S S S S
- (ﬁsz + Bo? + 2§S-§o) i (1.10)

. 2 R > .
Since now By can be considered constant and the vector Bs is

normal to 53 over the entire surface of the control volume, the
integral (1.8) reduces to

[ d > _ 1 = > 2 > > *1. >
VIJ x Bdav = g f{ZBSBg (B,° + 2B_Bo) 1}-da (I1.11)

and the z component of this force to

® H. o. Schrade, "Magnetoplasmadynamic Effects in Electric

Arcs™, Interim Scientific Report, Grant AFOSR 82-0298, August
1983, p. 109f€f.
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Vf JxBavi = - 5%3 [ B2 (ak-d ) (1.12)

The other terms vanish since gsz and the divergence of §s are
zero. Splitting the surface integral in two parts as before, one

obtains
? B ." = _1_ 2 - 2 *"
vj Jx Baved, = + 5 {Af B2 aa, Aj B % (ak 4} (I.13)
z c
where dAz = r dr dé and (a)
(1.14)
->.-> _ 2 .

(dAc uz) = r, sin¢ cos¢d do de (b)

For a straight channel with a current density distribution given
by a paraboloid of grade n, one obtains for the integral over
the cross sectional area of the crater orifice

Bo

1 2 _ 7 2
T AI B dA, = g3 I £(n) (I.15)
Z

with

£(n) = —13 {(n+2)% - 161 (I.16)

For a flat current density profile with n = 10, £(10) = 0.655;
for a steep profile with n = 2, £(2) = 0.917.

The second surface integral in eq. (I1.13) follows by

T %0
g 2

s sin¢ cos¢ do de

1 2 > - _C
21 g Aj Bg (dA, uz) = 2uo 0=
c

(I.17)
Since now the current density is evenly distribtuted over the in-
ner spherical crater surface it follows according to Maxwell's
law

s 2= r _siné (I.16)
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where
2® ¢g 2 2 o
() = [ [ 3 r.” sine d¢ do = 2nr_°j [ sin¢ de¢
0 0 0
= znrc2 j [1 - cose¢] (1.19)
Since the total cuvrent carried by the spot is
_ 2 .
I =2ne 3 [1 - coseo] (1.20)
one obtains
- 1 - cos¢
I(¢) =1 T~ costy (1.21)
and according to (I1.18)
pwg I 1 1 - cos¢
Bs = 73 F; Sing 1 ~ coség (I.22)

Introduced into eq. (I.17) yields according to Standard Integral
Tables9

2 b0 2
1 [ B 2 (6R.3 Ho 5 (1-cosé)
—_— B (dA u ) = o I — f —_— COS¢ d¢
2up A, s cz 8n (1-coség) 2 ¢=0 siné

ko 4 (1 2 Ing 00)
= = I + n( cos - coség
8% ©  (1-coséq)? z
1 .
-1 sinZ¢¢}
_ B,
= 3= I° » 2C(¢0) (I.23)

The dimensionless function {(¢9) is plotted in Fig. 1.3 for the
range 0 < 69 < n/2. The limit angle ¢¢ is about zero for a flat
crater and for a hemispherical crater =n/2. {(¢¢) varies therfore
between 0.250 and 0.114 depending on the shape of the crater.

S e.g. Samuel M. Selby, "Standard Mathematical Tables"™, 16th
Edition, The Chemical Rubber Co., Cleveland, OH, 1968
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The volume integral over the electromagnetic forces in the z-di-
rection follows now according to egs. (I.13), (I.15) and (I.23)
by

{£(n) - 2C(¢0)} (1.24)

This introduced into eq. (I.7) yields

B
[ ev,? aa, = (p, - Pa)B, - g7 17 11 + £(n) - 28(e0)} (1.25)

z

A

and hence the dimensionless quantity e [eq. (I.O)] can be writ-

ten
Pec - Po
e = o - 2D+ £ - cen)] (I.26)
gz 1 J
P. - P,
BT A (I.27)
gn 1)
The last approximation is well justified, since £(n) = 0.8

(+ 0.2) and C¢(¢g) = 0.15 (¢ 0.04). The factor 3.3 may therefore
vary by about * 15% depending on n, the grade of the current
density paraboloid, and on ¢g¢, which characterizes the crater
shape.
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Cathode Phenomena in Plasma Thrusters
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Abstract

Processes at the arc cathode attachment decisively
determine the entire discharge behavior of almost
all arc devices and therefore also of MPD and/or
arc jet thrusters. One well known process occuring
on spotty arc attachments in a transverse magnetic
field is the fact that the cathode spots move or
jump in the direction opposite to the Lorentzian
rule. In pulsed thruster devices with cold cathodes
and very likely also in continuously running
thrusters with so-called thermionic, seemingly dif-
fuse attachments of hot surfaces, the arc attach-
ment consists of many high current density spots.
These spots can stick or spread upstream and there~
by overheat the insulating material of the back-
plate of the thruster. In this paper an explanation
of the phenamena of spot motion is presented.

Introduction

Within pulsed gas-fed plasma thrusters with coaxial
electrodes, one often cbserves that relatively high
erosion takes place at the upstream side where the
center cathode penetrates the backplate insulator
{see Fig. 1).

This fact, together with the arc traces left on the
cathode surface, indicate that the arc cathode at-
tachment which consists of many highly instationary
hot spots sticks preferably to the cathode base.
Scanning electron micrographs of cathode surfaces
which were charged by high current pulses of up to
10 kA reveal typical craters of about ) um to al-
most 100 um in diameter, which confirms the exist-
ence of many seemingly statistically distributed
hot spots. Any one of these active spots may be
characterized by a crater-like pit with an inner
molten layer, as shown in Fig. 2.

Within the pit exists a high pressure plasma caused
by ohmic heating and heavy evaporation of the elec-
tron emitting inner surface layer. This high
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high erosion.
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pressure plasma expands out into the ambient lower
Pressure gas and forms a plamma jet. Depend-
ing on the lifetime of the spot and the size of the
molten layer, droplets can also be ejected from
such an active site, drastically increasing the
surface damage and the erosion rate of such a spot-
ty arc attachment. Since the ejected plasma is
electrically conducting, one must also consider
that a current-carrying channel emanates fram the
crater orifice. The current density of the ?5iﬁc3
massmevumsofu.p&omeorderof 10°° M/m
and possibly even higher’, and the power density
within an active s[::otl énrres?otdingly reaches val-
ues of up to about 10 within a region of a
few micrometers.

The arc attachment consists now of many of these
spots jumping seemingly statistically over the
cathode surface. As shown experimentally in Jany
different arc devices, the first ti ] Stark® and
since then by numerous researchers, ,”, the spotty
arc attachment moves in the direction opposite to
Ampere's law if an applied magnetic field is pres-
ent and is oriented parallel to the cathode sur-
face. Since its discovery, this well known but
still not well understood phenamenon of arc retro-
grade motion has sparked the imagination of many
scientistg.”stirring them to develop various hy-
potheses, °~'" A presentation and scrutiny of all
these interpretations would extend beyond the scope
of this paper, and a good many have been experimen—
tally refuted and/or do not rest on solid physical
foundations. Even the many experimental findings at
first did not fully correspond with each other;
however, since the scanning electron microscope for
the examination of the arc footprints on the cath-
ode surface is available, the experimental results
become unequivocal but reveal even more complexity
as originally assumed.

an aﬁitioml phenamenon uaslg.beerved first by
Smith and later by Kesaev in a diverying

Main
Current Carrying Plasma Channel

¥ , _~Low Pressure
Plasma

~Vapor Jet

-Cuthode

Fig. 2 Scheme of a spot discharge with a straight
discharge channel.
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magnetic field and afterwards was experimentally
proven to ocqyr 1glso in an inclined constant mag-
netic field. ', It shows that if the magnetic
field lines are samewhat inclined with respect to
the cathode surface, the spots discontinuwously
drift away from the retrograde direction. This
drift motion was extensively investigated by Robson
and is therefore named after him.

In this paper an analysis is presented which
uniqguely explains these strange phenamena. The con-
sequences on the spot behavior in a coaxial plaama
thruster are discussed.

Qualitative Explanation

The vapor and plasma jet which proceeds from a
superheated cathode spot is electrically conductive
and thus contains the intrinsic, current-carrying
channel; the latter electrically connects the cath-
ode spot and thus the cathode with the plasma of
the interelectrode space and thereby with the
anode.

First let us consider an axially symmetrical dis-
charge channel which corwverges to the electrode,
having its origin in the cathode spot. The magnetic
field lines of such a current-carrying channel are
the concentric circles around the channel axis and,
in accordance with the comwerging lines of the cur-
rent density wvector f.iew induce an electromag-
netic volume force ([J X BT force), which has com-
ponents normal and/or parallel to the axis. If one
plots the values of these forces acting radially
inward on a cross sectional plane, then one obtains
a volcano-like profile, as seen in Fig. 3.

On the basis of this force profile, one obtains a
pressure 1ncrease in the plasma channel towards the
discharge center, which is known as “pinch pres-
sure®. The average pressure increase in the channel
is calculated as

uo  _
APHag &m0 ()
where J represents the current density averaged
over the cross-sectional area and I is the electzig
current flowing through the channel (uwo = 4x10"
Vs/Am magnetic pemmeability). Actually, this is a
well known effect; it shows, however, that in low
pressure discharges the magnetic pressure increase
can be of a much greater magnitude than the sur-
rounding pressure, and that self-magnetic or rather
plasmadynamic effects daminate ower electrostatic
effects in the quasi-neutral discharge channel.

Fig. 3 FRotational a%-etric, straight spot dis-~
charge with radial 3 x B force distribution.

Figy 4 Curved asymmetric spot discharge with radi-
al j x B force distribution.

If this channel is curved (see Fig. 4), then the
magnetic field lines on the concave side of the
channel are condensed and on the convex side are
fgreag out. This means, however, that the radial
Jx ] forces on the concave side became larger
than on the convex side, and the original, axially
symuetrical, volcano~like force profile, distrib-
uted over the cross-sectional area of the channel,
becaomes asymmetrical. This asymmetry has the effect
that the cathode vapor plasma, under high pressure
and ohmically heated, can now no longer be held to-
gether by the magnetic forces; it expands or
streams out on the weak-force side of the channel
and is thereby diverted off the axial direction.
Analogous to the operation of rocket propulsion, in
which the repulsion of the outflowing gas produces
surface forces on the walls of the combustion cham-
ber and propells it into the opposite direction of
the flow, the discharge channel is now driven in
the direction opposite to the deflected vapor and
plasma beam, and the chamber walls of the rocket
ige may be with the oonfining radial
J x B force configuration. I.e. the axial vapor-
and plasma jet flowing out from the cathode spot is
deflected in the direction of mmaller force fields,
while the intrinsic current-carrying chamnel is de-
flected in the opposite direction (see Pig. 4).

Under certain conditions, this deflection of the
current-carrying ‘channel can become so strong, that
it contacts and heats up the cathode surface at a
new point neighboring the spot. Cathode material is
thereby vaporized also at this point, and ultimate-
ly a new electrode contact in the fomm of a new
cathode spot arises (see Fig. 5).

In fact, an electrically conducting plassa-vapor
nixture exists outside of the intrinsic current-
carrying channel, so that a large part, but not all
of the current carried by the spot will flow
throgh the intrinsic current channel. The current
density in the intrinsic channel is always much
larger, howwer, than that outside of the channel
cons idered.
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Fig. 5 Spot propagation due to bending of the
current channel.

Fig. 6 Straight spot in a transverse magnetic
field. Plasma jet is deflected in the amperian di~
rection.

If the discharge channel is situated in an external
magnetic field runping parallel to the cathode sur-
face, the radial (j x force profile can became
asymmetrical without addifional curving of the dis~
charge channel (see Fig. 6). The effect of this
asymmetry, however, as in the case discussed above,
is a deflection of the vapor and plaama beam in the
anperian direction, while a resulting gas dynamic
surface force acts on the current-carrying channel
in the opposite (retrograde) direction. It can now
be shown that under certain conditions this gas dy-
namic force in the mtmgru? di ion predaomi-
nates over the Lorentz force (I x Bg) in the amper-
ian direction. The channel axis is thereby curved
in the retrograde direction until the discharge
channel ultimately, as in the previous example
(shown in Pig. 5), contacts and heats up the cath~
ode surface. In this way, a new, distinct cathode
attachment point arises on the retrograde side of
the original spot. The cathode attachment point re-
produces itself accordingly in the retrograde di-
rection.

Theory

One considers any arbitrary configuration of a
current-carrying channel within a fixed laboratory
system (xp,yr.,2;; see Fig. 7). The theory
atarts from the equation of motion, the continuity
equation and Maxwell's equation

Drrection of Electnc
Current -

Cranneibound
Coorthnate System

K:RT, \
= s e ~
z breff
% Center of Curvature

{R=Rodas of Curvoture)

X
Fixed Coordinate System

Fig. 7 Illustration of the channel bourd (x,y,2)
and the fixed (xp.YL,2[) ooordinate sgystems
with respect to the laboratory frame of reference.

%E(pGL)+V{pv:$L+§}=3x§ (2)

e+ ver)=0 (3)

TxB= wo 5 (4)

vEd =0 (5)
where p = plasma density

;L = plasma velocity measured within
the laboratory frame of reference

— f hd
=
vLvL tensor dyode o vy,
;T = electric current density
» . . :
B = magnetic induction

One now replaces the velocity wvector vy of the
fixed system (x ,y;.2/) by

> » »
VL =g + Vs (6)
i.e, by the sum of the plaama velocity v, measured
within the channel system (x,y,z; see Fig. 7)
and the axis velocity Ve which has only transverse
camponents with respect to the channel axis

v

. 8X

vg = vsy (7)
0

After integration of the equation of motion over a
channel segment of length A8 (see Figs. 7 and 8)
one eventually cobtains the force balance for the
channel segment in the form

»

av
(m) x> = Xoe (8)
vhere tm= [pd  is the mass of the
AV plamma within the
segment of volume &V
and length 4s
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Fig, 8 Quved discharge channel segment of length
As = R& (R = radius of curvature vector).

is the sum of all forces which act on the
segment and accounts for

>
X 4s

a) all gas dynamic surface forces like propelling,
friction, and pressure effects

b) the volume forces due to electramagnetic effects

between the current-carrying elements inside and

outside the segment and

c) all fictitious forces like Coriolis and centrif-

h ugal forces due to an axial flow within a curved

and/or twisted current-carrying plasma channel.

This normal force % ger unit channel length has
now been calculateé ! by modeling the current den-
sity distribution within the channel by any “eccen-
tric paraboloid of grade n". Such a distribution
follows fram a concentric paraboloid through shift-
ing the maximum to a point of the channel cross
section with the ocoordinates (rM, 6y) as shown
in F1g. 9.

This modeling allows a very good approximation of
any real current density distribution by adjusting

the grade n and the eccentricity coordinates (ry,
«4 8y). This is the more justified since in the

CONCENTRIC ECCENTRIC
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CURRENT DENSITY
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!

Pig. 9 CQurrent distribution modeled by a) a con
centric and b) an eccentric paraboloid of grade n.

fim

9im

Fig. 10 Plot of the functions f(n) and g(n).

final expression of the force ;&e the owurrent den-
sity j shows up only within integral expres-
sions

Az(s) 9)

2% ryg r,, ©osé,

a 1 . ¥ (cosé 1 M M
ol =1 J 13 Linel r ar 00 = i3 20 Liine

(10)

where Es is the self magnetic field induced by the
channel™current I and which depends on the current
density distribution within the channel; rdrdé =
is a surface element of any cross sectional
area of the channel; a,f are measures of the eccen—
tricity of the current density (maments of j in the
x~ and y- direction); and f(n) and g{n) are func-
tions of the grade n gnd are plotted in Pig. 10.
The transverse force X | follows finally in the form

- W 2 ro
X| = gz 1° (1 + £(n) + g (E(n)g(n)(ne3) + 1)a
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drq
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g's! = channel twist, change of the twist angle along
the channel axis

v_,v

xVyY

= velocity camponents measured within the

2 channel bound coordinate system

Y

A/

ax’ vsy = transverse velocity camponents of the

channel axis

i= 1 5 = current vector in z-direction
(along axis)

B, = applied magnetic field vector

This force ’t.l. per unit channel length is now among
others a function of the local channel geametry
like channel radius rj, axis curvature R, channel
twist, oconvergence or divergence and also a funce
tion of the channel origntation with respect to an
applied magnetic field By and/or flow field.

In this calculation one assumes that, inside the
discharge channel and in its immediate vicinity,
the time derivation of the channel bound impulse
density can be neglected, or that flow and pressure
{ield adjust in a relaxation-free manner to the
J x B forces and vice versa. This assumption, how-
ever, is valid as long as the change of the channel
diameter ¢(2ro)/dt or the motion of the discharge

channel |v_| is small campared to the average speed
of 9ol thin the oonsidered channel segment,
l.e.

d{2ro) . - /'R_:

- ¢ IVSQ « a ?T (12)

The validity of this inequality can be proven fram
case to case and, as discussed elsewhere,'® is ful-
filled for even extreme conditions.

Based on the knowledge of X
"balanced” and “stable® discl
ations.

one can now determine
rge channel configur-

for a balanced current-carrying plasma channel con-
figuration the transverse force X| along the dis-
charge axis must be zero, i.e. the gas dynamic sur-
face forces and all body forces like electramagnet-
ic field and fictitious forces must be mutually
balanced. Such a channel configuration for instance
has, according to eq. (11), a straight axis with
R = =, Considering now the discharge channel that
emanates fram a fixed spot crater (see Fig. 11),
one can define its orientation with respect to an
applied magnetic field By by the inclination angle
§. If the channel axis becomes slightly disturbed
in any direction ¢ by a small deviation off its
straight configuration, the axis be curved and
the deviation or disturbance vector points now
always jn the direction of the radius of curvature
vector R. Disturbances by lateral motion of the
electron emitting crater with respect to the dis-
charge channel are disregarded, because any such
motion is physically unrealistic, since the dis-
charge channel must be fixed to the electron emit-
ting hot spot. Nevertheless, many explanations of
arc motion are based on such a dubious lateral
effect.

By definition, such a balanced discharge channel
will be called "stable® if my’d'%sturbame 3 initi-
ates a traneverse force X = X(§) # 0 which acts
against 5 and drives the channel back in its origji-
nal balanced configuration. The mathematical re-
Quirements for a balanced and stable discharge
channel configuration follow therefore by

X+ 8<o (13)

Straight Axis

Oistrbance 5 - s Pown olong Currem

Channel Axis in the
Direction of the
Etecine Current

Discharge Channet

Tede
S Reirograge
a , 5\,_,> i
. “ H
w Center of
Curvature
Fig. 11 Illustration of a disturbed current-carry-

ing channel at the cathode surface with inclined
magnetic field.

If this irement is not met, X acts in the di-
rection of 6 and forces the channel to deviate more
and more fram its balanced state.

Let us now discuss by means of this stability theo-
ry the dynamics of a spot discharge.

Spot Motion

With the introduction of the inclination angle £
and the disturbance apgle ¢ as shown in Fig. 11,
the transverse force X which acts on the current-
carrying plasma channeIL of a spot discharge can be
replaced by

3 __uol_zlc_a
| * " &R Tcoszwso

rg ro drg »
- 3.1 g, R
F o g -ga  rsintlh g
Ko 12 ldto1 . a
‘ﬁr{zas—'XSIDE*rQ)SESiHQ
&) drg *
1 ,
*R—[B +;E%sm£]}-§—f% (14}
where now
gn 1 2 Bo
s lleviaa - 1 aml]l (5

k = k(n) = (m3)£(n)g(n) + 1 (16)
\=0 I avg. self magnetic induction field
8% roBg applied magnetic induction field

Herein one amsumes that any disturbance T leads
only to a bent (see Fig. 11) but not to a twisted
current-carrying channel. According to egs. (11)
and (14), a straight 1 (with R + «) is again
a balanced one, since = 0. As mentioned before,
the direction of any d&tutblncea points now in
the R direction; therefore, a balanced, straight

1 is also stable if the braced expression of
the 5: carponent of is larger than zero. Neg-
lecting the higher T temms of rg/R, one there-
fore obtains as the stability reguirement

€ - ¢ cost cosé > 0 an

One may now distinguish between the following three
cases
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1. No applied magnetic field, |§g‘ "% =0 .

2. B¢ parallel to the cathode surface, § = 0 .

3. §0 inclined with respect to the cathode surface,
L+ 0.

Case 1: |Bo| ~4 = 0

In this case the stability requirement reduces to

€e>0 {stable) (18)
which is identical with that of the MPD arc in sec-
tion 3.2. Here the stability criterion does not de-
pend on the direction of the disturbance given by ¢
(see Pig. 11). Within eq. (15) one may now relate
the average impulse transport

[ ov ?da

Az z z
along the channel axis with mg/vapor and plasma
pressure py of the spot crater’' and the ambient

pressure ps. Therefore, the stability requirement
(18) can also be expressed in the form

o
P, = P, > 3.3 55 I 3 (19)

where I_ is the current carried by the spot and 35
is the average current density at the crater ori-
fice; the factor 3.3 is valid for a hemispherical
crater and changes to about 3.0 for a flat crater.

The pressure difference between the vapor pressure
in the spot and the ambient pressure must be there—
fore more than about three times larger than the
average magnetic pressure (Py = uy/8x I_3j ) in or-
der to maintain a straight, stable spo? aischatge.
If this requirement is no longer fulfilled or if
€ < 0, the channel becames unstable. Any small dis-
turbance will cause the channel to bend more and
more, and eventually it will contact the cathode
surface at a nearby site off the original spot (see
Fig. 5). The new site is heated up and a new spot
is created. Again, for this new spot, the stability
requirement (18) or (19) must be fulfilled in order
to maintain a balanced, stable spot. Since in this
case the stability criterion does not depend on the
direction of the disturbance, and singe one may as-
sume that all possible directions of 0 are equally
probable, the spots should move or jump statisti-
cally over the cathode surface.

Case 2: B parallel to the cathode surface, § = 0.
In this case, the stability criterion follows by

€ - g cose >0 (20)

i.e. the channel stability depends now on the di-
rection of the digturhance (¢). Moreover, the force
camponent in the I x R direction of eq. (14) be-
cames unequal to zero in the first order. It is

2 ko 42 1xi
K inbedy = “TRE %S TR (21

For a > 0, i.e. the current density maximum is
shilfted towards the center of curvature, the chan-
nel is less likely to be stable for any disturbance
towards the retrograde side -x/2 < ¢ < +x/2 than
for a disturbance towards the amperian side w2 <
¢ < 3In/2 (or =%/2 > & > ~3%/2) which can be veri-
fied by means of criterium (20). For any disturbed
or curved channel, there acts now a force in the +»

>

I x R divection [eg. (14)] such that the curved
1 always turns into the retrogr djrection,

i.e. 5 points finally in the opposite I x Bg direc-

tion. The channel therefore becames preferably un-

stable by bending more and more in the retrograde
direction.

For a < 0, the current density maximum is shifted
away fram the center of curvature maximum towards
the convex side of the channel, According to cri-
teria (20) and eq. (21), the channel should now
bend preferably in the amperian direction. Gne can,
however, show that by acoounting for the higher
order term (ro/R)ak in eq. (14), the channel this
time assumes a curved, stable configuration. The
possible consequence of this behavior shows that
the channel does not came in contact with the cath-
ode surface on the amperian side of the spot. This
is not the case for a retrograde disturbance with
a > 0, for which the channel is unstable and bends
more and more. (bservable current channels should
therefore be amperically bent or straight while the
observation of a retrograde channel configuration
would require high time resolutions.

In conclusion to Case 2, a spot prefers to jump or
move either in the retrograde or the amperian di-
rection, depending on whether the current density
maximum is shifted towards the concave or the con-
vex side of the discharge channel. Because of the
unstable channel behavior during retrograde motion
and the stable, bent channel behavior during amper-
ian motion, one may conclude that the average jump
distance is amaller and the number of jumps more
frequent for the retrograde mowing spots than for
the amperian moving ones. Fog large magnetic fields
(\k € 1, which means about Bg » 1| Tesla for an ex-
perimental value'® of I/re ~ 10/ A/m) the mechan
isms for awperian and retrograde spot motion are
practically identical and therefore in both direc-
tions equally probable.

Case 3: B inclined with respect to the cathode
surface, £ # 0 .

According to eq. (20) the current chamnel is pref-
erably unstable with respect to a disturbance in
the retrograde direction and assumes a bent but
stable configuration for an amperian disturbance.
The principle difference now is given through the
force camponent in the I x R direction, which in
the first order of ry/R follows by

Bo g2 drg

3 1 1 .
ooty T TBE ZExeint

+ y cost sine} % (22)

and which turns the distwrbed or curved channel
around its original straight axis either in the
retrograde (a > 0) or mri? direction (a < 0).
Now, however, the disturbance finally does not
point exactly in these directions but deviates or
drifts away from that. The drift angle follows from
the reqainnen% t for this position the turning
force in the x direction must be 2ero. From
eq. (22) follows therefore

1 9o
Sl e =~ Y5 35 W0 (23)

For a spot motion towards the retrograde side it is
a > 0, and since the channel in the direction of
the current is to comwverge (drg/ds < 0),
the drift angle d3.ifr is proportional to ¢ as
long as the angles are small. The retrograde moving
spots drift, therefore, under a mmall angle with
respect to the proper retrog direction towards
the right (in the direction of Bg) if the B, field
points . and drifts towards the left (oppo-
site to Bp) if the field vector points downward
(see Fig. 12a,b). This spot bahavior has been ex-
perimentally cbeerved and as -ﬂtland before is
known as Robeon drift motion. !,
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Fig. 12 Retrograde spot motion with an inclined 50
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Discussion

Let us consider the cathode attachment of an MPD
arc, consisting of many active spots which are
samehow distributed over the cathode surface, as
shown for instance in Fig. 13. Any single spot is
now affected by all the other ones such that a mag-
netic field acts on it. Assume now that all the
spots are statistically hamogeneously distributed
around and along the cathode surface. In this case
the magnetic induction field is azimuthal and de-
pends on how much current is drawn by the spots
downstrean of the considered spot.

Back Plate — . Flow

T Spots
Current. AN ‘
\ )
s
v

Magnetic Field Lines

Cathode Rode

Fig. 13 Scheme of the spotty arc cathode attach-
ment .

For a cathode rod of length 1 and diameter do
covered statistically by many spots, the current
through the rod at any distance z fram the back-
plate follows by
4
1
I(2) .—:j-—- {1 ‘%*rrg}
c
1+ Il—
where 1 is the total current, d, is the cathode

diaweter, 1 is the length of the rod and z is the
distance fram the backplate.

Therefore the azimuthal magnetic induction field
for a spot at a distance z fram the backplate is
about

9

4 1
Moy l1-343T
vy —
B8 3s

This has the oconsequence that By decreases down-
stream. For any spot, therefore, one has to take
into account a transverse magnetic field. The con-
sequence of such a field, as shown in the previous
section under ®"Case 2%, is a preferred motion of
the spots in the retrograde or upstream direction.
With increasing magnetic field the quotient A in
eq. (17) decreases, which leads to an enhancement
of the instability behavior and therefore to a
faster spot motion. Since the crater size of fast
moving spots can be expected to be smaller than
that of slowly moving ones, the spot size should
increuﬁ towards the cathode tip. This has been ob~-
served in seemingly diffuse cathode attachments
and indicates that possibly all attachment %chan-
isms are spotty and locally highly unstable.

In summarizing the oconsequences on plasma thruster
cathodes the following should be noted.

* A cathode spot is the more stable and sticks
preferably to that area where the vapor pressure
of the cathode material is high. Since insulator
material outgases or evaporates easier than the
thoriated tungsten rod cathode, the arc attach~
ment usually sticks to the boundary cathode in-
sulator, or cathode backplate.

Within a magnetic field parallel to the cathode
surface, an individual spot jumps preferably in
the retrograde direction, i.e. upstream.

* The jump distances of the retrograde moving spots
are smaller than that of the amperian moving
ones.

» If the magnetic field lines are inclined with re-
gpect to the cathode surface, the spots arift
away fram the retrograde direction.

* The upstream boundary of a seemingly diffuse arc
attachment depends un the conditions under which
retrograde arc spot motion ceases. Those condi-
tions are not fully known today.

while the current-carrying channel of a spot dis-
charge in a transverse magnetic field may bend
and eventually move discontinuously in the retro-
grade direction, the plasma jet is deflected in
the amperian direction and may cause a bright
layer along the cathode rod. In this layer, evap-
orated cathode material should be present.
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NUMERICAL MODELING OF THE FLOW DISCHARGE IN MPD THRUSTERS

M. Auweter-Kurtz, H. L. Kurtz,

H. O. Schrade and P, C. Sleziona

Institut fiir Raumfahrtsysteme
Universitdt Stuttgart
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Abstract

Two theoretical models for calculating the current
and flow distributions in self-field MPD thrusters
are being developed and will be applied to evaluate
the effects of geametry, propellant type, scale and
other parameters on the thruster performance.

1) For continucus thrusters, a stationary code is
being developed. The extended Ohm's law is used
to calculate the current contour lines, and a
one—dumensional, t nt expansion flow
model is used to obtain the velocity, tempera-
ture and pressure distributions for calculating
the gas properties, which are again used in
Omm's law. The differential equation is solved
by means of a finite difference method for tne
geametry of the nozzle-type plasma thruster DT2,
which has been investigated at IRS 1n a steady
state as well as 1n a quasi-steady state mode.

An  integration over the volume and thermal
forces equals to the tnrust. The calculated cur-
rent density distribution and the computed
thrust are compared with experimental results.

2) For tne starting phase of the steady state MPD
thrusters as well as for pulsed thrusters, a
tune dependent, fully two—dimensional code 1s
being developed. It uses a modified McCormack FD
method 1n cylindrical coordinates to calculate
the time dependent flow, temperature and pres-
sure fields. The current and magnhetlc contour
lines, which must be known for the energy and
umpulse 1nput 1n this code, are calculated with
an 1nstationary Ohm's law solved in a manner
similar to the computer code for oontinuous
thrusters. This code is used for a simplified
cylindrical thruster model.

For both methods the results are discussed.
1. Introduction

The increase in onboard electrical power in the
near future is again raising interest in self-field
MPD thrusters. Despite their simplicity in design
and power conditioning, they are handicapped even
today by the shortcomings of low efficiency and a
performance limit known as "onset® which restricts
the flow rate at a given current value. Therefore,
since the beginning of the design and investigation
of self-field MPD thrusters at the end of the six-
ties, effort has been made to unterstand the phys-
ics of the MPD discharge and the development of ap-
propriate codes. But the MPD problems cannot be
solved easily, because in contrast to the hardware
simplicity of these devices, the physics involved
are of extreme camplexity. o mention only a few:
real gas effects, i.e. cold propellant is heated up
in an arc and the gas has to be dissociated and
ionized; the problems related with the electrodes
are only partly known or solved; the plamma is in a
thermal non~equilibrium; because of the low densi-
ties and high temperatures the Reynold’s numbers
are low and the friction cannot be neglected; the
magnetic Reynold‘'s number is too high to separate
flow and discharge; etc. This list is by no means a
casplete one. Added to these physical camplexities
are mumerical difficulties: the necessary coupling
of different partial differential equation systems,

namely elliptical and hyperbolic ones; non-lineari-
ties; steep gradients; and 80 on. And let us not
forget difficult geometries. Therefore, due to the
great cauplexity of the physical conditions, for
all codes established to solve at least parts of
these problems, many and great simplifications must
be made. The resylting oodes include for example
one-dimensional ', ¢, quasi-twp-dimensional and sim-
plified two-dimensional ones .

In this paper, two further approaches are present-
ed: first, a partly two-dimensional one. The sim~
plified, two-dimensional electramagnetic calcula-
tion follows from Ghm's law, similar to Ref. 5, and
the flow is modeled by a one-dimensional, non-equi-
libriun expansion. The equations are solved only
for the steady phase. The second approach uses com-
parable electramagnetic equations, but models the
flow actually two-dimensionally with a modified
MacCormack code. Both approaches neglect electrode
effects and friction.

2. Steady-State MPD Thruster Investigations

In order to predict the overall perfommance of con-
tinwusly running, self-field MPD thrusters, a
seml-two-dimensional model ialaculation and camputer
program has been developed.”, " In a first step this
program has been used to investigate the current
contour lines and the thrust within the nozzle-type
thruster DT2 (Fig. 2.1), which is being developed
at this institute.

2.1 Current Contour Lines

In this approach, the current ocontour lines are
calculated in r- and z- dependence while the flow
field is taken as a one-dimensional, frictionless
expansion flow, assuming isothermal behavior for
the electron component and isentropic expansion for
the heavy particles like ions and neutrals. This
assumption is justified, since primarily the elec-
tron camponent is heated by (hmic energy input, and
since within the nozzle expansion flow the energy
exchange between the lightweight electrons and the
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Fig. 2.1 Self-field nozzle-type MPD thruster DT2
(capacity about 5 kA or 15 N thrust with argon).



heavy particles like lons and neutrals is fairly
weak. Therefore, reaction collisions (ionization
and recambination processes, etc.) are neglected.
Hence, the model approach distinguishes between
electron and heavy particle temperatures and as-
sunes a frozen flow fram the nozzle throat on down-
stream,

Within the nozzle throat, one assumes a "fully de-
veloped® arc flow regime, i.e. the gas and plasma
velocity and the current density vector have only
an axial component and the arc column is defined by
only radial heat transfer (and possibly by radial
radiation) losses. Moreover, fram the nozzle throat
on upstream, one no longer distinguishes between
electron and heavy particle temperatures, since
within this higher pressure regime a tight coupling
between all camponents is more likely to be estab-
lished than in the low pressure downstream nozzle
regime. In spite of the neglect of the radial de-
pendency of the flow and species temperatures, how-
ever, this model approach turns out to be an effec-
tive tool for predicting the current contowr lines
within and the thrust and specific impulse of a
nozzle-type self-field MPD thruster.

Assumpt ions:

steady state conditions

rotational symmetry

no azimuthal current

singly ionized, quasi-neutral plasma

electric current density nomal to electrode

surfaces

* fram cathode to nozzle throat:

* within the nozzle: frozen flow, ambipolar ex~
pansion flow without friction, electrons: iso~
themmal, ions: adiabatic

* outside the nozzle: hyperbolic expansion flow,

electrons and 1ons adiabatic

themal egquilib-

Basic uations:

Maxwell's egs.:

tx8-= qu' 2.1
vxg--3.0 2.2
veB=0 2.3
veg=0 2.4
awsmwf=aﬁ+5xﬂ-§fﬁx5] 2.5
Bquation of State:
p= ank_GTt fr+ (‘;—t)"'} 2.6
Continuity Equation: @A = pAV, =m 2.7
Expansion Relation:
2 A v
Q;) «=1+1n h;-v—t
e - G
+ 2 r &) x 8), A az 2.8
lﬂvt lt t
Nozzle Throat (onditinns:
v, 2= (-g) -2 7:_0 T, 2.9

t,isoth

=T = o (L)¥5
T, =Ty =f (-r:) 2.10

where f is a slowly varying function depending on
current distribution.

The last three eguations are derived in detail
under the above assumptions in Ref. 8.

Rewriting Ohm's Law by means of Maxwell's equa-
tions, one abtains a vegtor equation for the mag-
netic induction vector B in the form

&>
_.g%=‘—rot (%mtﬁ)-rot v x8]

uo
*1;5‘“ (8 (rot ) xB) = 0 2.1
. W 1
with ﬁ-s-a=ge‘ 2.12

For a stream function
¥= rBe

with respect to the rotational symmetry and the
zero azimuthal current, the elliptic, partial dif-
ferential equation of 2nd order follows from eq.
2,11 in the fomm

2 2
a%v , a% _av

dc?  dz?

4¥ 1 do .
z 5dz 't ar 7t o,

01

dvr av ve
~out (Gt -y )=0 2.13

The function ¥(r,z) = const. represents now a cur-
rent contour line, since B = Bg ~ I{r)/r and I(r)
1s the electric cursent carried throuwgh a cross
sectional area of wm‘, The proper boundary conmdi-
tions for Y follow frcn the geametry of the thrust-
er walls and electrodes.

A solution of the equation system 2.1 - 2.13 re-
qulres as input data:

* Geametry of Thruster A(2Z)

+ Mass Flow Rate n

* Electric Current I
and yields the following results:

* Qurrent Qontour Lines

* Thrust, by

¢ Specific Impulse, Isp

Step 1: By setting the integral
z
['G)3 x8), aae
zt t

in the expansion relation eq. 2.8 to mero,
one obtains together with the nozzle
throat conditions 2.9 and 2.10 a first ap-
proximation of v(z), p{z), o{z) and
nj(z) = ng(z) within the nozzle. Out~
side the nozzie one amsumes a hyperbolic
expansion flow, which mears v ¢ 0
(Pig. 2.2}.

With the knowledge of the flow and plamsa
properties (in first approximstion), o, 8
and v are also known, as well as their
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Fig. 2.2 Scheme of the density model.
Inside the nozzle: one-dimensional.
Outside the noz2zle: elliptical.

derivatives. With these guantities one now
solves the differential equation 2.13 by
means of a finite differential method
(Gauss-Seidel) for the current coontour
lines in first approximation. In Fig. 2.3
the current contour lines are shown for
different currents between 1.3 and 4 KkA.
According to Maxwell's equation, one also
gbtajns from ¥ the current density and the
J x B force configuration within the dis-
charge.

Step 2: One solves the expansion ;ela;ion {eq.
2.8) numerically by taking (J x B)_ within
within the integral fram Step 1. With that
the velocity v(z) and the guantities p(z),
p(z), ne(z) are calculated in second or-
der approximation and fram that the new
quantities for o, B and v with their de-
rivatives.

With these new quantities, one now solves
the differential equation 2.13 for tne
current contour lines by means of the same
numerical method as in Step 1. Repeating
Step 2 yields an iterative solution of the
equation system 2.1 - 2.10.

The calculation shows that after two steps
the current contour lines with I = 4 kA do
not change anymore and even a first step
approach gives good results. For lower
current rates the deviation 1is even
amaller.

A comparison between calculated and measured cur-
rent pattern (Fig. 2.4) shows a fairly good agree-
ment. The fact that in the measured case the anode
attachment is more concentrated downstream of the
nozzle end than in the calculated case may be at-
tributed to the theoretical model which neglects
the boundary layer along the nozzle and anode
walls.

2.2 Thrust

According to the known 3x B force configuration
and the flow conditions, one can now calculate the
thrust.

The thrust of a self-field MPD accelerator is cam-
posed of two effects; first the sum of all gas-
dynamic surface forces on the inner plenum chamber
and on the inner nozzle wall, and second the sum of
all volume effects given by the magnetic field
forces which act between the current-carrying plas-
ma and the entire power circuit, including the co-
axial electrodes. Hence it is

s [{ow+Blak -] TxBav 2.14a
A’ V'

= cp PoA, - ‘f’j'xﬁdv 2.14b

2-0.8qg/8 , 1 1.3

0 2% 50 % 100 125 150 1"
1 -

2 e0.0g/0 .1 =28k

150 P

i

[ 2y 50 75 100 125 150 1
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[ 5 %0 ”» 190 125 150 7%
4 T

Fig. 2.3 CQurrent contour lines for different cur-
rents with a mass flow of 0.8 g/s.

where [ovv + P| is the gas dynamic force per unit
area; Ag represents the surface of all internal
walls like plenum chamber with the gas inlet cross
sections, the cathode surface and the inner solid
wall of the nozzle; V is the current-carrying vol-
ume, The second term is the sum overdlfx's'
forces which act between the current-carrying solid
leads of the electric power circuit and the cur-
rent-carrying plasma; in the second equation po is
the chamoer pressure, A, the nozzle throat area
and oy, the thrust coefficient matching the gas
dynamic effects, It is by definition
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Fig. 2.4 a) Calculated and b) measured current
contour lines of the MPD discharge in the nozzle
type DT2-IRS thruster for I = 1,3 kA and m = 0.8
g/s argon.

R + Pleah 2.15
T " P AJ {orv + P}
S

c
The calculated thrust, based on the current density
and magnetic field determined with the procedure as
described in section 2.1, is now campared with the
experimental results in Fig. 2.5.
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Fig. 2.5 CQomparison between calculated and meas-
ured thrust of the DT2-IRS thruster. Ty,max 18
the maximum possible electromagnetic thrust.

They show excellent agreement for op = 1 with the
experimental measurements in the upper current
range (I > 3000 A), and even down to 1300 A the de-
viation is less than 308. The pure electromagnetic
thrust is given by the lower curve in Fig. 2.5. Cne
can see that the electromagnetic thrust reaches
%t%\oftmmdmmtatacmntofabout
A.

3. Time Dependent, Two-Dimensional MPD Thruster
Investigations

In addition to the steady state MPD theory, a real
two-dimensional numerical ocode has been devel-
oped. This code allows the calculation of the
time dependent plaama properties during the start-
ing phase of steady state MPD thrusters, as well as
for pulsed mode thrusters. The numerical aomtion
is done in a manner similar to that of Jacobi “ for
laser applications. In a first approach, this MPD
code was applied to the cylindrical thruster
ZT1 being developed at this institute. Fig. 3.1
shows the drawing of 2ZT1, and Fig. 3.2 shows the
corresponding simplified scheme for the calcula-
tion.
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Fig. 3.1 Cylindrical continuous MPD thruster
ZT1-IRS.
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Bild 3.2 sSimplified scheme used for the calcula-
tion.

The geametrical configuration on which the camputa-
tion is based was chosen as close as possible to
the experimental device. The radii of cathode and
anode are taken according to the dimensions of the
real device; however, the length of the cathode is
assuned to be of the same length as the anode and
it matches the length of the three anode segments
(see PFig. 3.1). The model is assumed to be an
infinite tube of an insulator with a oentral
insulating roc, only the electrodes will be of zero
resistance.

For the time Cependent calculation of the MPD flow,
two independent codes were correlated to determine
flow field, current and magnetic field dis-
tribution. These two codes are connected in the
following manner: for a given flow field, the cur-
rent, and hence the magnetic field distribution,
was determined. With these results the flow field
equations were integrated. In the next time step,
this new flow field and the new distribution of the
themmal properties were taken to calculate the new
electromagnetic field distribution, and so on.

As input data the two codes require:
* geametry of the thruster
* mass flow rate
¢ electric current as a function of time
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and at the starting point:
* temperature field
* Mach number.
'mislyields the following time dependent results:
+ flow
* temperature
* pressure
Mach number
magnetic field
current density distribution within the channel
electrothermal thrust.

3.1 Electramagnetic Code

The electramaghetic properties are obtained in a
similar manner as fram the steady state thruster
code, using the following assumptions:

* rotational symmwetry

* no azimuthal current

* electric field normal to the electrode surfaces.
One solves Onm's law with respect to Maxwell's
equations; this means one must solve the elliptic
partial differential equation 2.13.

The boundary conditions are as follows:

On the insulator surface and at the boundary of the
integration area, the stream function Y equals zero
for the case of the downstream insulator and equals
Ynax for the upstream insulator. At the elec-
trodes the boundary condition follows fram the re-
quirement that the electric field E must be perpen-
dicular to the surface. This means for a cylindri-
cal channel as considered here that at the elec—
trode surtaces E; equals zero. Therefore, the
boundary condition follows to

2
LINCL SV S A S g 3.1

r
Ougr 3¢ r wor® dz

with this closed poundary condition, the computa-
tion has been done with a Gauss-Seidel code and
yields as a result the magnetic field and the cur-
rent density distribution within the channel.

3.2 Flow Field Code

For the description of the time-dependent,
two~dimensional, supersonic, ohmically heated flow
the conservation equations for mass, impulse and
energy were used with the following assumptions:

« friction free flow

« rotational symmetry

* no azimutnal current and velocity

« supersonic flow within the channel
The conservation theorem formulation was chosen in
order to satisfy the Rankin-Hugoniot shock condi-
tions implicity; hence the description of shock
depth and shock velocity are very good. These con—
siderations yield the following non~linear hyperbo-
lic differential equation system with cylindrical
coordinates

[4 ~e W, wr/r
2 2 .

e p+ wr LA + | ™ /szx By

+ + 2 : =0
al VeVa P+, erz/r'er Be

Ve .2

e (pre)vr (1:»-e)vz (pre)-i- - j/c

t 1 4 2z

3.2

where the indices indicate the par-
tial differenum‘cn"'vuﬁ'rua&c: to time and to
the r~ and z-directions.

Boundary Conditions:

upstream: at that boundary all flow parameters
are assumed to be constant and must
be set,

downstream: here the flow parameters are extrapo-
lated because of the calculated field
parameters.

at the side: no nommal velocity; normal differen-
tiations equal zero.

Initial conditions:
At t = 0 the flow parameters equal
the undisturbed parallel flow;
uniform current density;
Mach nuwber and temperature must be
set.

For the numerical solution a modified MacCommack
code was used; this is an explicit code of second
order which uses the shock capturing method. It al-
lows a fairly high energy input into the flow due
to olmig heating and a steep rise in the impulse
due to j x B forces. Because of instabilities at
the starting phase caused by initial and boundary
conditions on the upstream boundary, the initial
conditions will be restricted for the mament to
values which result in cowling numbers gmaller than
1.5 in the middle of the electrodes.

For the example presented, the calculation is based
on the following initial values: T(0) = 8000 K,
Ma(0) = 1.2, with a mass flow of 20 g/s argon. The
current as a function of time is taken as a sine
square function sin“[xt/2t¢] rising fram I(t=0) = 0
to I(ty=200us) = 12 kA and is taken as oonstant
fram there on.
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Fi1g. 3.3 Current curve versus time.

With this input data the camputation yields the
time dependent current density distribution, as il-
lustrated in Fig. 3.4. Starting with radially
parallel and homogeneous current contour lines at
t = 0, the current is driven more and more down—
stream—-stronger near the anode than at the cath-
ode—and bulges at the electrode ends. The dotted
lines are those at 20 us after starting, and the
dashed and solid lines are for 160 ws and 200 us,
respectively.

Ancde

r’:» |
N
'r“"‘?j'_

- Cathode — -

T *
F/7/ /,‘ Anods
L———— Insulator —‘—J

Fig. 3.4 Calculated current contour lines in
lindrical MPD thruster. Dotted lines at t =
dashed after 160 us and solid after 200 us.
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Fig. 3.5 illustrates the temperature distribution
100 us and 200 us after starting. The strong rise
in temperature near the electrode is caused by
olmic heating due to the relatively high current
density there. The disturbance at the cathode end
due to discontinuous boundary conditions decreases
with time. This fairly marked disturbance at start-
ing is one reason for choosing a high initial tem
perature.

The ax:ial and radial velocity distribution at 200
us are plotted in Fig. 3.7, At both ends of the
cathode there is a steep rise in the radial veloc-
ity vy, while the axial velocity reaches its max-
imun at the beginning of the cathode. The axial
velocity decreases towards the cathode end, with a
low rise fram this point downstream as well as to-
wards the anode.

Fig. 3.5 Temperature distribution within the chan-
nel at a) 100 as, b) 200 us.

A radial shock front fommed at the end of the elec-

trodes moves upstream while lowering 1ts intensity;
this is demonstrated in Fig. 3.6.

Pig. 3.6 Pressure distribution within the channel
at a) 100 us, b) 200 us.

Fig. 3.7 Velocity distribution at 200 us. a) Axial
velocity vz, b) radial velocity vr.

The relationship of the Mach number distribution to
the temperature and velocity distribution at 200 us
1s shown 1in Fig. 3.8. The Mach number set equal to
1.2 at the upstream boundary reaches an initial
maximun at the beginning of the cathode, rises
again while reaching an interim maximum at about
1/3 of the cathode length and rises once more be-
hind the electrodes. The minimun at the end of the
cathode is caused by the temperature instability at
that point. It is remarkable that the Mach number
is below 1 within a wide range, especially before
the end of the electrodes.

Fig. 3.8 Mach number distribution at 200 us.

As described in section 2.2, the thrust is camposed
of an MPD part and a gas dynamic part (see eq.
2,14a). The pure MPD thiusl can be caiculated by an
integration of the j x B forces within the entire
current~-carrying volume; u{?mer possibility is to
use the well-known formula

. MOIz rA
Toax T ?; 3.3

ran
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where rp/r. is the anode to cathode ratio. Both
have been done for the example described here with
a ooincidence of within 1%,

In Pig. 3.9 the pure MPD thrust (dashed line) and
the total thrust (solid line) are plotted depending
on time. The total calculated thrust at 400 us lies
within a 3% deviation fram the expected thrust.
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Fig. 3.9 Thrust versus time. Solid line: total
thrust. Dashed line: electramagnetic thrust.

Even more troublesame is the fact that the conser-
vation of mass is only valid within a 108 ramnge.
Fig. 3.10 shows the mass flow versus time at four
different channel cross sections.
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Fig. 3.10 Mass flow versus time at different chan-
nel cross sections.

These deviations fram the mass conservation law are
an 1nherent attribute of the MacCormack code.

Concluding Remarks

In order to gain a more profound understanding of
the fundamental process occuring in MPD thrusters
and in order to eventually end up with reliable de-
sign criteria and predict thruster performances un-
der various oonditions, the two codes described
within this paper have been developed.

One was developed for the stealy state condition
and the other for the time dependent description of
MPD thrusters. The first code was tested with the
Dr2-IRS thruster design, and it produced fairly
good results; especially the current density dis-
tribution agrees quite well with the measurements.
The time dependent code tested with the cylindrical
thruster design of the ZT1-IRS thruster produced
fairly good results as well. Both codes have weak
points, for example the boundary conditions, real
gas effects, and gecmetry modeling, Bspecially the
second code was weak in terms of mass conservation.

In a later research period the physical models must
be refined, and other numerical flow field calcula-
tion codes will be tested in terms of their quali-
fications for magnetoplasmaiynamic thrusters.
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